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Abstract: Geopolymer is a novel binding material produced from the reaction 
of fly ash with an alkaline activator liquid; ensure durability and environmental 
sustainability and is emerging greener alternative to Ordinary Portland cement 
in the construction field. In this research, the influence of various parameters 
on the consistency and setting times of low-calcium fly ash-based geopolymer 
cement under varied heat curing temperature were investigated. Systematic 
trials were carried to optimise the normal consistency and setting times over 
a number of parameters. The consistency of the geopolymer cement does 
not show any variation when mixed with different combinations of alkaline 
activator solution; whereas the setting times were observed to be dependent 
on the concentration of NaOH solution, ratio of alkaline activator liquid and 
variation in temperature. The test results revealed that the normal consistency 
of the fly ash-based geopolymer paste is found to be at 28% of alkaline activator 
solution for all the selected mixtures. Wherein, increase in concentration 
of NaOH solution increases setting times; increase in alkaline liquid ratio 
decreases setting times up to certain limits viz; increase in alkaline liquid ratio 
from 1.5 to 2.0, decreases setting times; further increase in alkaline liquid ratio 
from 2.0 to 2.5, increases setting times. The setting times were observed as 
decreased when the alkaline liquid ratio increased from to 2.5 to 3.0. 
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1. INTRODUCTION 

Portland cement industry has grown astronomically in recent years. It will 
continue to grow as the result of continuous urban development. However, 
Portland cement concrete poses problems such as durability and Carbon-dioxide 
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emission. Carbon dioxide emission trading is likely to be a critical factor for the 
construction industry. Many concrete structures have shown serious deterioration, 
way before their intended service life, especially those constructed in a corrosive 
environment [1], 

The contribution of ordinary Portland cement production worldwide to 
greenhouse gas emission is approximately 7% of the total greenhouse gas 
emission to the atmosphere [2]. The production of 1 tonne ordinary Portland 
cement consumes 4GJ energy and produces about 1 tonne of carbon dioxide to 
the atmosphere [3]. About half of the carbon dioxide emissions from Portland 
cement production are due to calcination of limestone, while the other half are 
due to combustion of fossil fuel. 

It is necessary to consider this with very severe regulations and limitations, 
since it is a major contributor to the greenhouse effect and the global warming 
of the planet [4], The demand for industrial and domestic energy results in the 
production of a large volume of fly ash from solid coal fuel, which will increase 
in the world on an unprecedented scale in future. The installation of new cement 
plants substantially increases the C0 7 emissions, and installation of coal-fired 
thermal power plants results in large amount of coal ashes. Therefore, fly ash 
should not only be disposed of safely to prevent environmental pollution, but 
should be treated as a valuable resource. 

In 1978, Joseph Davidovits developed Inorganic polymeric materials 
and coined the term “Geopolymer” for it [5]. Geopolymer has the potential 
to replace ordinary Portland cement concrete and produce fly ash-based 
Geopolymer concrete with excellent physical and mechanical properties. 
Geopolymer is used as the binder to completely replace ordinary Portland 
cement in producing Geopolymer concrete. In order to produce Geopolymer, 
low-calcium fly ash needs to be activated by an alkaline solution to produce 
polymeric Si-O-Al bonds. Geopolymer concrete has the potential to reduce 
greenhouse emissions from the concrete industry by 80% [6]. 

Geopolymers are novel binders manufactured by activation of a solid 
aluminosilicate source material with a highly alkaline activating solution and aided 
by ambient curing and heat curing [7]. Fly ash being by product, rich in alumina 
and silica, can be used as a source material for manufacture of geopolymer. 

The use of ASTM Class F (low calcium) fly ash in combination with 
Portland cement to produce structural concrete has found increased application 
in construction over two decades. Fly ash when used as a component of cement 
has been shown to offer several technical benefits to concrete, ranging from fresh 
properties, through to ultimate strength development and long-term durability 
performance [8]. Moreover use of fly ash supports the sustainability. This can 
lead to a number of environmental, technical and economical benefits. 
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2. EXPERIMENTAL WORK 

2.1 Materials 

2.1.1 Fly ash 

In this research, low calcium fly ash (ASTM Class F) conforming to IS 3812- 
1987 specifications collected from the Ramagundam Super Thermal Power 
Station, India was utilized as the source material. The chemical composition of 
the fly ash was determined by X-Ray Fluorescence (XRF) analysis as shown in 
Table 1. The silicon and aluminium oxides constitute 87.34% of the fly ash and 
the Si to A1 molar ratio is 2.07 fulfilling the basic requirements as suggested by 
Davidovits, that the molar ratio of Si to A1 of about 2 for producing cement and 
concrete. 65% of fly ash particles are smaller than 45 micron with the specific 
gravity of 2.06 and specific surface area was 440 m 2 /kg (Blaine). 


Table 1: Chemical composition of Fly ash 


Elements 

Si0 2 

A1A 

Fe 2 0 3 

CaO 

Ti0 2 

k 2 o 

MgO p 2 0 5 

S0 3 

Na 2 0 

% by 
weight 

58.85 

28.49 

4.38 

2.69 

1.84 

1.65 

0.99 0.35 

0.20 

0.17 



It is now well accepted that new binders are needed to replace Ordinary 
Portland cement for enhanced environmental and durability performance. 
There is a need to urge to reduce carbon dioxide emissions and the fact that 
structures, which have been built a few decades ago with Ordinary Portland 
cement, are already facing disintegration problems points out the handicaps of 
OPC binders [9]. In fact, the number of premature cases of Ordinary Portland 
cement structures disintegration is overwhelming. On the other hand, the 
disposing of fly ash, a coal burnt by-product is an environmental issue. As a 
useful mineral admixture, fly ash has been widely utilised in concrete replacing 
Ordinary Portland cement partially all over the world [10-12], 

So far, research works carried out on alkali-activated binders show that 
this binder is likely to have enormous potential to become an alternative to 
Portland cement. The present research has been dealt with the activation of 
Indian fly ash (conforming to Class F as per ASTM) with alkaline activator 
a combination of sodium hydroxide (NaOH) solution and sodium silicate 
(Na 2 Si0 3 ) solution. These two chemicals are commercially available in 
India. Heat curing is generally needed for fast polymerization of the system 
to achieve an acceptable strength within a very short period [13-15]. Thus, 
the mixture may be used to produce pre-cast products for practical purpose. 
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2.1.2 Alkaline activator solution 

Alkaline activator solution is the mixture of Sodium Hydroxide solution of 
specific concentration and Sodium Silicate solution in a specified ratio. In 
this study, the alkaline liquids used for geopolymerisation is a combination 
of Analytical Grade Sodium Hydroxide (A R Grade) of RANKEM Co. in 
pellets form with 98% purity, supplied by Avantor Performance Materials 
India Limited, Gujarat, India and Sodium Silicate Solution (Na,0 = 8%, Si0 2 
= 26.5%, and water = 65.5% by weight) having silicate modulus=3.3, supplied 
by Loba Chemie (Laboratory Reagents & Line Chemicals), Mumbai, India. 
Distilled water is used for dissolving Sodium Hydroxide pellets. 

2.2 Experimentation 

2.2.1 Preparation of Alkaline Solution 

Analytical Grade Sodium Hydroxide pellets in the required quantity were 
dissolved in the distilled water in order to obtain specific concentration of 
Sodium Hydroxide solution. Later, this solution in the prescribed quantity was 
mixed in the Sodium Silicate solution to arrive a particular ratio among sodium 
silicate and sodium hydroxide solutions. Distilled water is used to avoid the 
effect of unknown contaminants in tap water. 

2.2.2 Geopolymer paste for normal consistency 

The consistency of the fly ash-based geopolymer paste is determined by 
preparing trial pastes with varying percentage of alkaline solution and tested 
until the amount of alkaline solution necessary for making up the standard 
consistency. The procedure was followed as per IS: 4031(Part-4) -1988 
Standard for Portland cement paste duly modified by replacing the cement 
and water with fly ash and alkaline solution. This procedure is repeated for 
varied concentration of alkaline solution with different alkaline liquid ratios. 
Experimental observations are presented in table 2. 


2.2.3 Geopolymer paste for Setting Times 

The fly ash-based geopolymer paste was prepared by mixing the alkaline 
activator solution with the fly ash manually in a bowl and is prepared just 
before it was mixed with the fly ash to ensure the reactivity. The setting times 
were determined as per the procedure mentioned in IS: 4031 (part 5)-1988 
Standards for Portland cement paste duly modified by replacing the cement 
and water with fly ash and alkaline solution. Ply ash-based geopolymer paste 
was prepared by adding the required quantity of the alkaline solution as per 
the normal consistency of the fly ash; the prepared paste is placed into the 


34 





Table 2: Consistency indication of various mixtures 


Development of 
Fly Ash based 
Geopolymer 
behaviour of Fly 
Cement 


A1 

8M 

1.5 

32 

23 

5 

0 

B1 

10M 

1.5 

38 

15 

7 

0 

Cl 

12M 

1.5 

36 

18 

8 

0 

D1 

14M 

1.5 

40 

25 

7 

0 

El 

16M 

1.5 

26 

21 

7 

0 

A2 

8M 

2.0 

36 

12 

7 

0 

B2 

10M 

2.0 

33 

8 

6 

0 

C2 

12M 

2.0 

31 

10 

6 

0 

D2 

14M 

2.0 

38 

17 

6 

0 

E2 

16M 

2.0 

14 

10 

5 

0 

A3 

8M 

2.5 

16 

12 

8 

0 

B3 

10M 

2.5 

18 

5 

5 

0 

C3 

12M 

2.5 

20 

15 

5 

0 

D3 

14M 

2.5 

20 

8 

5 

0 

E3 

16M 

2.5 

36 

32 

6 

0 

A4 

8M 

3.0 

32 

14 

7 

0 

B4 

10M 

3.0 

38 

10 

5 

2 

C4 

12M 

3.0 

26 

12 

6 

0 

D4 

14M 

3.0 

10 

8 

5 

0 

E4 

16M 

3.0 

34 

16 

6 

0 


Specimen 

identity 


SH 

cone. 


SS/SH 

ratio 


Vicat plunger penetration ( mm) from bottom 
for various % of alkaline activator solution 


26% 


27% 


28% 


29% 


conical moulds of Vicat apparatus in two layers. Each layer was tamped with 
a rod for 25 times. Later, the filled moulds were kept into the hot air ovens for 
curing at specified temperature. Penetration of Vicat Plunger in the paste was 
measured with varying the percentage of alkaline solution. Penetration of Vicat 
needle in the paste was measured at regular intervals of time. For every 20 
minutes interval, the specimens were taken out, placed on the Vicat apparatus 
and noted down the penetration of the needle. After that, the specimens were 
returned to the hot air ovens again. The time at which the needle fails to pierce 
the block beyond 5.0 ± 0.5 mm measured from the bottom of the mould is 
noted as initial setting time by interpolation. The final setting time of the 
paste was also recorded when the needle left negligible mark on the surface 
of the paste. These tests were repeated for various mixtures under different 
temperatures. The observations of setting times are shown in the table 3. 
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Table 3: Setting times of geopolymer paste 


Specimen NaOH 
identity Cone. 


Na,SiO,to 
NaOH ratio 


Setting Times for various combinations 
of mixtures 

Initial setting time Final setting time 
Hrs-min. Hrs-min. 





30°c 

60°c 

90°c 

30°c 

60°c 

90°c 

A1 

8M 

1.5 

4-52 

1-06 

0-45 

5-40 

2-00 

1-40 

B1 

10M 

1.5 

3-21 

2-03 

0-43 

6-40 

3-40 

1-20 

Cl 

12M 

1.5 

4-40 

2-20 

0-43 

7-00 

4-00 

1-00 

D1 

14M 

1.5 

5-20 

2-21 

0-43 

7-20 

4-20 

1-20 

El 

16M 

1.5 

4-30 

2-02 

0-43 

6-00 

2-40 

1-20 

A2 

8M 

2.0 

3-00 

1-05 

0-42 

6-20 

2-40 

1-40 

B2 

10M 

2.0 

3-10 

1-24 

0-43 

6-50 

2-40 

1-10 

C2 

12M 

2.0 

4-24 

2-00 

0-43 

7-00 

3-20 

1-00 

D2 

14M 

2.0 

4-00 

1-20 

0-43 

7-20 

4-20 

1-20 

E2 

16M 

2.0 

3-40 

1-04 

0-43 

6-30 

2-40 

1-20 

A3 

8M 

2.5 

2-23 

1-24 

0-43 

5-50 

2-20 

1-00 

B3 

10M 

2.5 

2-30 

1-34 

0-44 

6-20 

2-40 

1-40 

C3 

12M 

2.5 

3-03 

1-40 

0-43 

6-50 

3-00 

1-00 

D3 

14M 

2.5 

2-50 

1-02 

0-40 

6-00 

2-00 

1-00 

E3 

16M 

2.5 

3-50 

1-40 

0-43 

6-20 

2-20 

1-00 

A4 

8M 

3.0 

1-28 

1-05 

0-42 

6-10 

2-40 

1-00 

B4 

10M 

3.0 

2-20 

1-31 

1-03 

6-40 

2-40 

1-40 

C4 

12M 

3.0 

2-42 

1-10 

0-43 

7-00 

2-40 

1-00 

D4 

14M 

3.0 

3-30 

1-02 

0-40 

6-00 

2-00 

1-00 

E4 

16M 

3.0 

3-40 

1-07 

0-43 

6-20 

2-00 

1-00 


3. RESULTS AND DISCUSSION 

A total of twenty mixtures of various combinations of varied concentrations 
of Sodium Hydroxide solution (8M, 10M, 12M, 14M, 16M) with different 
ratios (1.5, 2.0, 2.5, 3.0) of alkaline activator solution by weight were prepared 
to study the influence of various parameters on both the setting times and 
compressive strength under varied curing temperature of 30°c, 60°c, 90°c. 
Obtained compressive strengths are the mean of the three tested specimens at 
3, 7 and 28days of age. The weight ratio of fine aggregate (Indian standard 
sand) to fly ash is considered as 3.0 for all mixtures. The experimental results 
are presented in the table 2 for setting times. 
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3.2 Effect of the Ratio of Sodium Silicate solution to Sodium 
Hydroxide solution 

The effect of alkaline liquid ratio is observed to be no more with regard to 
normal consistency of the geopolymer paste; it is observed as 28% in almost 
all the selected mixtures. Increase in alkaline liquid ratios from 1.5 to 2.0, 
decrease in setting times was observed for the increased concentration of 
NaOH solution. Later, when the alkaline liquid ratios are increased from 2.0 
to 2.5; increase in setting times was noticed for 8M and 10M concentrations, 
decrease in setting times were observed for 12M and 14M, and increased 
time was observed for 16M. Upon further increase in the alkaline liquid ratio 
from 2.5 to 3.0, decreased setting times were observed in all of the increased 
concentrations from 8M to 16M. 

3.3 Effect of curing temperature 

Irespect of the mixture 14M at the alkaline liquid ratio of 1.5, the maximum 
initial and final setting times are observed as 5h.20min and 7h.20min at 30°c; 
2h.20min and 4h.20 min at 60°c curing temperature. Whereas, at 90°c, the 
maximum final setting time is observed from lhour to lhour 40minutes. So, 
increase in temperature has led to decrease in setting times in almost all the 
mixtures. Moreover in all the cases, the initial and final setting times were 
observed to be gentle at 30°c, moderate at 60°c and rapid at 90°c. On the whole, 


3.1 Effect of Concentration of Sodium Hydroxide Solution 

The variation in concentration of NaOH solution and in alkaline activator 
liquid ratios has no influence on the normal consistency of geopolymer paste. 
On the other hand, increase in concentration of NaOH solution from 8M 
to 14M, increased setting times were observed in respect of the alkaline 
liquid ratio of 1.5; further increase in concentration from 14M to 16M has 
led to decrease in setting times. Wherein, increase in concentration of NaOH 
solution from 8M to 12M, the setting times were observed to be increased with 
respect to the alkaline liquid ratio of 2.0, and subsequently the setting times 
were decreased when the concentration further increased from 12M to 16M. 
Increase in concentration from 8M to 16M, the setting times are observed to be 
decreased and increased alternatively when the alkaline liquid ratio enhanced 
to 2.5. Moreover, increase in concentration from 8M to 10M, increased initial 
setting times were observed in case of the alkaline liquid ratio of 3.0; further 
increase in concentration from 10M to 14M, decreased initial setting times 
were noticed, and when the concentration increased further from 14M to 16M, 
increased initial setting times were observed. 
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the initial and final setting times at 90°c with very negligible deviation are 
observed as nearer to 43minutes and around lhour 20minutes respectively. 

4. CONCLUSION 

Based on the limited experimental study, the following conclusions are drawn. 

• The standard consistency is not influenced with the variation in molarity 
and alkaline liquid ratios. 

• The setting times are dependent on the concentration of NaOH solution, 
ratio of alkaline activator liquid and variation in temperature as a 
whole. 

• The normal consistency of the fly ash-based geopolymer paste is found 
to be 28% for all the selected mixtures. 

• Increase in concentration of NaOH solution from 8M to 14M, increases 
setting times for the alkaline liquid ratio of 1.5; continues the same trend 
even for the molarity ranging from 8M to 12M in case of the alkaline 
liquid ratio of 2.0; further increased molarity of NaOH solution decreases 
setting times. 

• Increase in alkaline liquid ratio from 1.5 to 2.5, decreases setting times; 
further increased alkaline liquid ratio exhibits inconsistent setting times. 

• Increase in curing temperature up to 60°c decreases setting times 
moderately; but, increase in temperature beyond 60°c, decrease in setting 
times is drastic. 
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